The development of coronary atherosclerosis in response to acute intimal injury and severe hypercholesterolemia was studied in 18 swine, nine normal and nine with von Willebrand's disease, an inherited disorder affecting platelet-vessel wall interactions. The left anterior descending coronary artery was denuded of endothelium by balloon catheterization, while the circumflex and right coronary arteries served as nonballooned controls. All swine were maintained on a 2% cholesterol diet for 4 months. The extent of atherosclerotic involvement was evaluated from four indices: percent intimal area, percent luminal narrowing, ratio of intimal to medial area, and luminal form. No differences in coronary atherosclerosis were observed between phenotypes in either ballooned or nonballooned vessels, nor were there any differences between ballooned and nonballooned vessels within either phenotype (p > 0.05). The major variable affecting coronary atherosclerosis was serum cholesterol. There was a significant positive relationship between serum cholesterol concentration and the extent of intimal lesions (r = 0.62, p = 0.006) that was independent of plasma von Willebrand factor concentration. These findings suggest that severe hypercholesterolemia promotes the development of porcine coronary atherosclerosis through a mechanism(s) that is independent of acute intimal injury or von Willebrand factor-mediated platelet response to injury.
H ypercholesterolemia has been identified as a major risk factor for the development of human atherosclerosis; 1 therefore many experimental studies in animals have involved induction of atherosclerosis with lipid-rich diets. 2 " 7 Evidence of endothelial cell desquamation or alterations in endothelial cell permeability in animals with elevated serum cholesterol levels have linked hypercholesterolemia to chronic endothelial injury. 4 ' eB - 9 A role for endothelial injury and subsequent platelet adhesion and release of plateletderived growth factor in atherogenesis has been supported by in vitro cell culture studies 10 -11 and by studies in various animal models. 12 " 15 Platelets have been shown to be adherent to the exposed subendothelium of mechanically injured vessels, 12 ' 13 ' 15 ' 16 and the proliferative activity of the underlying smooth muscle cells in such areas has been shown to increase. 17 However, the response of platelets to the more subtle injury postulated to occur with hypercholesterolemia and the role of such response in developing proliferative atherosclerosis remains controversial. 7 ' 9 ' 18 Both spontaneous and diet-induced atherosclerotic lesions in swine closely resemble those of human atherosclerosis, making swine an ideal animal model for the study of human disease. 19 Swine with von Willebrand's disease (vWD) have an inherited disorder affecting platelet function. 20 ' 21 Homozygotes for the disease have a deficiency of a plasma glycoprotein thought to mediate platelet-vessel wall interactions. 21 To test the hypothesis that impaired platelet response to vascular injury leads to a reduction in the incidence of high cholesterol diet-induced coronary atherosclerosis, this study compared the extent of coronary atherosclerosis in normal and vWD swine after 4 months on an atherogenic diet. The synergistic effect of an early, acute intimal injury was evaluated by balloondenuding of the endothelium of the left anterior descending coronary artery (LAD) of each pig 1 week after initiation of the atherogenic diet. The extent of coronary atherosclerosis showed positive correlation with serum cholesterol concentration. However, no effect of vWF-dependent platelet response or acute mechanical injury could be demonstrated.
Methods

Experimental Animals
The animals used in this study were from the inbred strain of vWD swine from the Chapel Hill colony. Homozygous vWD is characterized by a prolonged bleeding time, decreased levels of plasma Factor VIM coagulant activity, and less than 1 % vWF/platelet-aggregating factor (PAF). 21 None of the experimental animals was ever transfused with blood or blood products.
Diet-Induced Atherosclerosis
Eighteen vWD and normal male pigs weighing 14 to 28 kg and ranging in age from 10 to 19 weeks ( Table 1) were fed an atherogenic diet ( Table 2 ). The diet was fed to one animal of each phenotype for 1 week prior to the administration of an acute coronary injury. The study consisted of nine replicates of such pairs.
Acute Intlmal Injury
Pigs were sedated with ketamine (15 mg/kg) given intramuscularly. Anesthesia was induced with 4% halothane and maintained with 1 % to 2% halothane for the duration of the surgical procedure. Under sterile conditions, a No. 4 French flow directed Swan-Ganz catheter (Edwards Laboratories, Santa Ana, California) was introduced via a carotid arteriotomy 3 and guided by fluoroscopy to the LAD. The balloon was inflated with 0.3 to 0.4 ml air and quickly withdrawn. The balloon injury was repeated three times. The pigs were returned to individual pens and continued on the Combined (mean ± so) Normal (mean ± so) vWD (mean ± so) Time of   Age  (wks)   10  11  15  13  15  12  18  15  12  12  13  13  15  14  17  19  12  13  14±2  14±3  14±2   Entry   Wt  (kg)   15  21  14  14  24  19  18  18  14  18  18  19  27  27  28  22  13  22  20±5  19±6  20±4   Time of  sacrifice  Wt(kg)   48  45  42  42  45  49  26  25  48  46  45  46  50  55  62  53  48  52 
Upld and Hemostatlc Profile
Before the initiation of the experiment and at monthly intervals, the pigs were weighed, blood samples were drawn, and electrocardiographs were obtained. Blood samples were assayed for vWF by a macroscopic aggregating test 21 with formaldehyde-fixed human platelets. 22 Platelet counts were determined by phase microscopy with use of a hemocytometer. Saline immersion ear bleeding times were done by the method of Mertz. 23 Serum cholesterol concentration was determined by Biovet Laboratories, Burlington, North Carolina, by the method of Allain et al. 24 as modified by American Monitor Corporation, Indianapolis, Indiana, for automated determinations. In addition, hematocrit and leukocyte count were determined for each animal.
Morphologic Methods
Immediately following sacrifice (within 2 minutes of the sodium pentobartital injection), the pigs were pressureperfused with 10% buffered formalin by using a Duotronic injector embalming apparatus (Edwards Equipment Co, St. Louis, Missouri). A cannula was inserted into the carotid artery. Fixative was perfused at the rate of 500 ml per minute until the effluent from the jugular vein became clear. The heart was then excised and placed Into fresh formaldehyde for a minimum of 18 hours. The coronary arteries were dissected free from the heart and photographed. Eight transverse segments (L1-L8) of approximately 0.5 cm each were cut from the balloon-injured LAD. A segment was also taken from the common coronary artery (COM) at the branch point for the LAD and circumflex (CIRC) arteries. Three segments of approximately 1.5 cm each (C1-C3, R1-R3) were cut from both the CIRC and right (RT) coronary arteries (nonballooned controls). The sections were cut and numbered so that correspondingly numbered segments came from a similar position on the hearts from each animal. The tissues were dehydrated through a graded series of ethyl alcohol and embedded in glycol methacrylate resin (Polysciences, Warrington, Pennsylvania). A special effort was made to insure that sections were cut perpendicular to the direction of blood flow. Sections (2 /x) were cut and stained with methylene blue and basic fuscin. The image of the vessel segment was projected onto an automated image analyzer (Zeiss Videoplan, Carl Zeiss, Inc, New York, New York) and tracings were made of the external elastic lamina (EEL), internal elastic lamina (IEL), and lumen. Areas defined by these tracings were calculated by the computer. The extent of atherosclerotic involvement was evaluated from four Indices computed from the Videoplan tracings ( Figure 1 
0)
This measurement was derived by the computer from tracings of the area of intjma (enclosed by the endothelium and IEL, A in Figure 1 ) divided by the total area of the vessel (the area enclosed by the EEL -(A + B + C) in Figure 1 ) and multiplied by 100 to yield a percent.
% luminal narrowing = A/(A + B) x 100 (2)
This measurement describes the actual reduction of lumen by intimal proliferation and Is derived by dividing the intimal area A by the area enclosed by the IEL (intima + lumen, A + B) and multiplied by 100. The denominator in this case is assumed to approach the size of the lumen in the nondiseased state (intima approaching 0% area). ratio of intimal to medial areas = A/C
This measurement reflects the extent of proliferation of intima relative to the surrounding media.
where form = 4w (areaj/perimeter 2 . "Form" in this case defines how closely a figure describes a circle. A ratio approaching 1.0 for intimal form indicates that the lumen and intima are of similar shape, and thus the intimal lesion is of uniform thickness. A ratio less than 1.0 indicates a disparity in the shape of the intima and lumen suggesting a nonuniform eccentric lesion.
Since these measurements from similar segments in each coronary artery are described as percentages of the cross-sectional area and as ratios of two structures in the same segment, the extent of disease can be compared between animals, and the lesion is more accurately described than it would be had the actual area of the vessel been used. This eliminates the numerical disparity between a partially collapsed vessel and one that is a perfect circle. These measurements also facilitate the comparison between segments of different size and geometry by using parameters that represent relative changes and not their anatomical differences or possible differences resulting from fixation.
Statistical Analysis
Since the indices of atherosclerotic involvement have a ratio structure, most statistical analyses were performed on the log scale. In this way, the impact of extreme values was reduced. The resulting descriptive statistics are expressed as geometric means (antilogs of mean logs). Statistical comparisons of coronary atherosclerosis in ballooned and nonballooned vessels within groups of animals of the same phenotype were done with the Wilcoxon signed rank test. Comparisons between phenotypes were done with the Wilcoxon rank sum test. The effect of the variables, mean cholesterol concentration, peak cholesterol concentration, vWF concentration, hematocrit, and platelet count on the extent of coronary atherosclerotic disease was investigated by linear regression analysis. The mean cholesterol concentration was defined as the average of all cholesterol determinations for a given pig, excluding the initial preatherogenic diet value. The extent of disease was defined by three different criteria as: 1) number of segments of coronary arteries in each pig with luminal narrowing greater than 20%, 2) number of segments with luminal narrowing greater than 15%, and 3) number of segments with intimal area greater than 10% of the total cross-sectional area. The relationship between extent of coronary atherosclerosis and serum cholesterol concentration (mean or peak) was determined by the Pearson linear correlation test. In addition, each pig (normal or vWD) was ranked from 1 to 18 in the categories of extent of disease and serum cholesterol concentration. The rank correlation of serum cholesterol (mean or peak) with coronary atherosclerosis was analyzed by the Spearman rank correlation test. Table 3 shows the average values for vWF, hematocrit, bleeding time, and platelet count for the experimental animals. Platelet counts decreased for both groups but remained within normal limits. The mean serum cholesterol concentration was similar in both phenotypes although there was great variability among pigs (Table 4 ). Both the ballooned and nonballooned vessels from each phenotype showed a continuum of intimal lesions that ranged from a single layer of foam cells to a complex accumulation of foam cells and smooth muscle cells (SMC) with necrosis and calcification. Minimally involved lesions consisted of a few layers of foam cells deposited in an otherwise intact vessel segment ( Figure 2 ). Combination lesions consisted of a mixture of foam cells and SMC with fragmentation of the IEL (defined as a fracturing with resulting pieces still visible). In some areas the portion of the lesion adjacent to the lumen was covered by a dense proliferation of spindle-shaped cells (fibrous cap), while the interior of the lesion contained predominantly foam cells ( Figure 3 ). SMC that did occur in this interior region were most often oriented with the long axis of the cell toward the lumen and the periphery (Figure 4 ). This orientation was accentuated in the larger lesions. SMC often wedged perpendicularly between fragments of IEL ( Figure  5 ). Advanced lesions involved the entire circumference of the vessel and contained areas of necrosis, occasionally with calcification. Some of these lesions had foam cell accumulations that also involved the media ( Figure 6 ). There was often collagenous extracellular matrix associated with the SMC in combination and advanced lesions but not in lesions containing foam cells only.
Results
There was no evidence of myocardial infarction in any heart.
The mean extent of disease in individual vessel segments of both phenotypes was evaluated by using the four calculated indices of percent intimal area, percent luminal narrowing, ratio of intimal area to medial area, and intimal form. Figure 7 is a composite of comparisons between '-mm- Figure 5 . Section from the right coronary artery (nonballooned) of a normal pig showing smooth muscle cells wedged between fragments of the internal elastic lamina, that appear to be migrating into the intimal space from the underlying media, x 280.
phenotypes showing values for the four parameters. Since scanning electron microscopy of acutely injured LAD immediately following injury indicated that the more proximal portions of the LAD were the most consistently and uniformly injured segments, segments of the balloon-injured LAD were subdivided into proximal (COM, L1-L4) and distal (L5-L8) portions for statistical analysis of the effect of acute injury on lesion formation. Using a Wilcoxon rank sum test, we detected no significant differences between phenotypes in comparisons of lesions in ballooned vessels, in proximal or distal portions of ballooned vessels, or in nonballooned vessels (p > 0.05).
The extent of disease within phenotypes was compared by using the Wilcoxon signed rank test to determine if there were differences between ballooned and nonballooned vessels. No significant differences were found based on any of the four indices. When the two phenotypes were combined, proximal ballooned segments were more diseased than distal ballooned segments for three of the four indices measured (p < 0.01 for intimal areas, luminal narrowing, and intimal form, p = 0.067 for intimal/medial ratio). No other combinations of vessels were significantly different from each other at the p < 0.05 level. These included comparisons between proximal ballooned and nonballooned, distal ballooned and nonballooned, and all ballooned and nonballooned vessels.
To evaluate whether the effect of acute intimal injury on the extent of atherosclerosis was diluted by the averaging of noninjured segments with injured segments, the data from LAD segments were subjected to two additional analyses: 1) The mean extent of disease in the middle segments (L2 and L3) of the proximal portion of the LAD was compared to that of the more distal portions (L6-L8) and to nonballooned control arteries. In general, L1 and L2 were the "most" diseased and L6-L8 were the "least" diseased LAD segments for both phenotypes. Between-group comparisons of such subsets suggested no difference in extent of disease (p > 0.10). Within-group comparisons showed statistically significant differences in L2 and L3 compared to L6-L8 in normal pigs (p < 0.05 for percent intimal area, percent luminal narrowing, and intimal form; p = 0.058 for intimal/medial ratio) and with the phenotypes combined (p < 0.01 for all indices). The p values for the vWD phenotype were suggestive of a significant difference, with values approaching p < 0.05 for three of the indices (p = 0.107 for intimal form, p = 0.059 for all other indices). However, comparisons of mean atherosclerotic disease in 12 and L3 with mean disease In segments from the nonbaiiooned control RT and CIRC arteries indicated no differences for either phenotype or the phenotypes combined (all p's > 0.05).
The second additional analysis involved a comparison of the geometric mean of the most severely diseased LAD segment from each pig and the mean of the most severely diseased segment of the nonbaiiooned control arteries. No differences were found in maximum disease of ballooned vs nonbaiiooned arteries within phenotype or between phenotype (all p's > 0.10). Taken together, the statistical analyses suggest that the extent of disease is similar in ballooned and nonbaiiooned arteries regardless of phenotypes or acute intimal injury.
There was a positive correlation between the serum cholesterol (mean or peak) of each pig and the extent to which coronary atherosclerosis developed in that pig. 0.62, p = 0.006). It is important to note that the paired ranks for normal and vWD pigs are similarly distributed along the line of perfect positive correlation. A graph of the linear regression relationship of mean serum cholesterol concentration and extent of atherosclerotic disease is shown in Figure 9 . The p values for the Spearman rank correlation test and the Pearson linear correlation test of the relationship between serum cholesterol and coronary atherosclerosis are given in Table 5 . From these results it can be seen that higher serum cholesterol concentrations were significantly (p < 0.05) associated with a greater extent of coronary atherosclerosis. No other variables (vWF concentration, hematocrit, or platelet count) were found to significantly influence the extent of coronary atherosclerosis.
In sections from three pigs (one normal, two vWD), rupture of the IEL suggested that medial injury was produced at the time of ballooning. Rupture was identified as an obliteration of the IEL over at least Va of the circumference of the artery segment. The rupture sites were heavily filled with SMC and extracellular material but contained relatively few foam cells. In two of these pigs, one normal and one vWD, the extent of lesions in the nonballooned segments was minimal. In the second vWD pig there was extensive atherosclerotic plaque in both ballooned and nonballooned vessels.
One vWD animal was exsanguinated after 2 months on the atherogenic diet. The normal pig that began the diet and was balloon-injured during the same week was sacrificed on the same date. Data from these two animals were included unless specifically noted. All statistical analyses were conducted both with and without these animals. There were no differences in intimal lesions between vWD and normal pigs due to the inclusion or exclusion of the data from these pigs. 
Table 5. Statistical Relationship between Extent of Coronary Atherosclerosis and Serum Cholesterol Concentration
Discussion
This study was designed to determine if acute injury of pig coronary intima or vWD-mediated platelet response to coronary injury would affect the rate of development of cholesterol-induced proliferative atherosclerosis.
Cholesterol, the Significant Variable
The major variable affecting intimal lesion formation in our study was serum cholesterol. This observation is consistent with findings from previous studies in pigeons, 2 swine, 5 and nonhuman primates. 7 ' x Evidence of a positive correlation between serum cholesterol concentration and the degree of coronary atherosclerosis in humans 1 has gained further support in the recent report from the Lipid Research Clinics. This group has documented a highly significant correlation between the degree of reduction in serum cholesterol concentration and the incidence of coronary death and myocardial infarction in men with hypercholesterolemia. 26 -27 The mechanism by which serum cholesterol concentration affects atherogenesis has been the focus of many studies. Elevated cholesterol levels have been associated with increased endothelial permeability. 4 Such loss of endothelial integrity leads to alterations in the uptake and degradation of lipoproteins. Various lipoprotein fractions have been shown to be mitogenic for smooth muscle cells in vitro, 28 suggesting a direct role of lipid in plaque formation. The endothelium itself has been identified as a source of growth factor for smooth muscle cells. 29 -w Other investigators have seen monocytes adherent to the endothelium in areas of altered permeability in hypercholesterolemiairtduced atherosclerosis in swine, 43132 rats, 9 and nonhuman primates. 8 a These monocytes appear to penetrate the intimal space acting as scavengers of lipid, as they become the predominant cell type in the fatty streak. 6 ' 1~31 Such monocytes may stimulate smooth muscle proliferation through the release of growth factors. 3334 In hypercholesterolemic monkeys, it has been observed that endothelial denudation can occur over the more severe fatty lesions and that platelets can be found adherent to these denuded areas. 6 -7 These data suggest a possible role of lipid-mediated injury and platelet response to such injury in the conversion of fatty lesions to proliferative lesions. Other investigators have reported a notable lack of platelet interaction with areas of altered permeability and lipid insudation. 9 
Absence of an Effect of von Wlllebrand Factor or Acute Intlmal Injury
Our results tend to support a proliferative effect of lipid that is independent of a major influence of platelet adhesion and release. If we assume that platelet-vessel wall interactions after injury are defective in vWD pigs and that there is sustained injury to the endothelium in hypercholesterolemic swine, then the development of atherosclerosis in vWD pigs should be slowed relative to that in the normal pigs if injury and platelet response are key factors in atherogenesis. Although we have previously reported morphological evidence of impaired platelet activation in response to intimal injury in pigs with vWD, 16 we have found no differences between normal and vWD phenotypes with regard to smooth muscle cell proliferative response to acute injury 35 or to maximal intimal thickness in coronary atherosclerotic lesions. 36 Our present study of carefully quantified coronary atherosclerosis confirms and extends these observations by showing a highly significant correlation between extent of disease and serum cholesterol concentration that is independent of phenotype or early acute intimal injury. In a recent study of coronary atherosclerosis in normal and vWD swine, Fuster et al. 37 have reported very little coronary disease in either spontaneous or high cholesterol diet-induced atherosclerosis. None of the normal or vWD pigs in their spontaneous study exhibited significant coronary intimal thickening and only one pig of each phenotype in the diet-induced study developed lesions resulting in 25% or greater reduction in luminal area. Although pigs in their study were maintained on an atherogenic diet for a longer period of time (6 months vs 4 months), the amount of cholesterol their pigs received and the mean serum cholesterol for both phenotypes were lower than those in our study. Whether the two pigs in their diet-induced study that did develop significant coronary disease also had cholesterol levels in the upper range of those attained in their study was not reported. The relationship between serum cholesterol and extent of disease was not addressed in their study.
The absence of a synergistic effect of balloon injury and hypercholesterolemia on the development of proliferative atherosclerosis in our current studies differs from observations previously reported by us and others. 3 ' x It is possible that previously reported differences in maximal intimal thickness between ballooned and nonballooned arteries were the result of a greater degree of trauma to the vessel wall. The response to injury has been shown to vary with the degree of injury inflicted. 3839 Platelets adhere in a simple monolayer to areas of superficial denudation, whereas the response to deeper medial injury is characterized by a complex platelet and fibrin thrombus. 16 Thomas et al. 40 have recently found the severity and extent of abdominal aortic atherosclerotic lesions to be similar in hyperlipidemic ballooned and nonballooned swine with comparable serum cholesterol levels. Although the proliferative response of vascular smooth muscle cells to acute intimal injury has been well documented, 17 ' 35 the process seems to be self-limiting. 17 Therefore, it is possible that the injurious effects of lipid occur and are sustained after the accelerating effects of early balloon injury have dissipated. Extrapolation of our studies to atherosclerosis in general must be done with caution, however, due to the high levels of serum cholesterol attained. We and others have described a limited resistance to the development of aortic atherosclerosis in vWD swine, a protective effect of vWD not seen in this study. 3641 In neither study was the extent of disease evaluated in terms of serum cholesterol concentration. It is also possible that the influence of vWD might be more pronounced under hemodynamic conditions found in the abdominal aorta.
In summary, our results have shown that severe hypercholesterolemia in pigs promotes the development of coronary intimal proliferation through a mechanism(s) that is not dependent upon acute intimal injury or vWD-mediated platelet response to injury. Table A1 gives the geometric means (antJIogs of the mean log values) and ranges for each index of atherosclerotic disease at each vessel segment for each phenotype. Appendix Table A2 gives p values for the comparison of phenotypes at each segment for degree of atherosclerotic disease. The p values from comparisons between phenotypes for averages of subsets of segments selected in an attempt to most effectively separate injured areas from noninjured areas are given in Appendix Table A3 . Appendix Table A4 compares the geometric means between phenotypes for the most severely diseased segment of the ballooned left anterior descending coronary artery (LAD), nonballooned control arteries (right coronary, RT, and circumflex artery, CIRC), and the ratio of ballooned artery vs nonballooned arteries. Appendix Table A5 shows p values for within phenotype comparisons of the geometric means of the most severely diseased segment in ballooned and nonballooned arteries. The p values are based on t tests for the log (index). These results should be viewed with caution because they involve an approximation to deal with unequal variance for the two groups. 
